The manipulator trajectory tracking control problem revolves around computing the torques to be applied to achieve accurate tracking. This problem has been extensively studied in simulations, but real-time results have been lacking in the robotics literature. In this paper, we present the experimental results of the real-time performance of model-based control algorithms. We compare the computed-torque control scheme with the feedforward dynamics compensation scheme. The feedforward scheme compensates for the manipulator dynamics in the feedforward path, whereas the computed-torque scheme uses the dynamics in the feedback loop for linearization and decoupling. The parameters in the dynamics model for the computed-torque and feedforward schemes were estimated by using an identification algorithm. Our experiments underscore the importance of including the off-diagonal terms of the manipulator inertia matrix in the torque computation. This observation is further supported by our analysis of the dynamics equations. The manipulator control schemes have been implemented on the CMU DD arm II with a sampling period of 2 ms.
Introduction
The manipulator control problem revolves around the computation of the joint torques required to track the desired joint position, velocity, and acceleration trajectories. This problem has been studied extensively in the robotics literature and many schemes have been proposed (Bejczy 1974 , Brady et al. 1982 1982, Gilbert and Ha 1984 , Horowitz and Tomizuka 1980 , Liegois et al. 1980 , Raibert and Horn 1978 , Seraji 1986 , Slotine 1985 , Tourassis 1985 . Although many simulation results have been presented, real-time implementation and performance evaluation of model-based control schemes on actual manipulators has not been performed. The main reasons for this are that (1) the high gear ratios and the dominant friction effects in commercial geared manipulators make them unsuitable for real-time performance evaluation; (2) the computational requirements of the Newton-Euler algorithm are still beyond the reach of commercially available microprocessors (Kanade et al. 1984) for high sample-rate control; and (3) it has been difficult to obtain an accurate model because research in this area has been lacking.
One of the goals of the CMU direct-drive arm II (Schmitz et al. 1985) project is to demonstrate the effect of full dynamics compensation on the real-time trajectory performance tracking of manipulators by overcoming the above-mentioned difhculties. To overcome the hurdle posed by the computational requirements, we (Khosla 1987) .
In this paper, we compare the computed-torque scheme with the feedforward dynamics compensation scheme. Other researchers have also addressed this problem and evaluated the real-time performance of the model-based schemes (L.eahy et al. 1986 (L.eahy et al. , An 1986 Khosla and Kanade (1986) give a detailed procedure for choosing these gain matrices and establishing an equivalence between the gains of Fig. 3 
Experiments and Results

Trajectory Selection and Evaluation Criteria
Since the DD arm II is a highly nonlinear and coupled system, it is impossible to characterize its behavior from a particular class of inputs, unlike linear systems for which a specific input (such as a unit step or a ramp) can be used to design and evaluate the controllers. Thus an important constituent of the experi- (1986) gives the criteria for selecting the joint trajectories.
For evaluating the performance of robot control schemes, we used the dynamic tracking accuracy. This is defined as the maximum position and velocity tracking error along a specified trajectory.
Real-Time Results
We have implemented the control schemes CT, FED, and RFED, presented in Section 2, and evaluated their real-time performance on the six-degrees-of-freedom CMU DD arm II. Because of lack of space, we present our results for a simple but illustrative trajectory used to evaluate the above-mentioned control schemes.
The trajectory is chosen to be simple and relatively slow but capable of providing insight into the effect of dynamics compensation. In this trajectory only joints 1 and 2 move while all the other joints are commanded to hold their zero positions and can be envisioned from the schematic diagram in Fig. 4 The coefficients dij, hijk, and g; are functions of the joint position vector 0 and are given by Khosla and Kanade ( 1985) .
The applied torque signals for the three schemes are shown in Further, decomposition of the applied torques in CT into the inertial, the centrifugal, inertial torque dl181 dominates along most part of the trajectory. This is further supported by the profile of the inertial torque component in Fig. 20 . The deviations observed in Fig. 20 Next, in the case of joint 2 the inertial component of the applied torque curve in Fig. 21 
Conclusions
The aim of this paper has been twofold: to compare the performance of the feedforward dynamics compensation scheme with the computed-torque scheme, and to underscore the need for including the off-diagonal elements of the inertia matrix in the torque computation. The latter has been considered to be important particularly in the case of direct-drive arms where the inertial coupling effects are accentuated due to lack of gears (Asada et al. 1982) . It has been demon-strated in our experiments and further supported by our analysis that it is possible for the off-diagonal terms to completely dominate the diagonal terms of the inertial matrix in the computation of the joint actuating torques. In such an event, neglecting the off diagonal terms may lead to trajectory tracking errors. It must also be pointed out that if an exact model of the manipulator were available, then both the computed-torque and feedforward compensation scheme will give similar results. In such a circumstance, using the feedforward dynamics compensation may have some implementational advantages, because the feedforward torques could be computed off line and added on-line to the torques computed by the independent joint controllers.
